Adipose-derived stem and regenerative cells (ADRCs), concentrated from autologous fat tissue, have the ability to differentiate into various specific cell types including tenocytes. In this retrospective study, clinical data are presented from 83 horses with 176 suspensory ligament injuries, treated with ADRCs, given a strictly enforced standardized rehabilitation program, and followed up for at least one year after returning to work. Assessment for a successful outcome was return to full work (RFW) at a previous or higher level of performance for one year or more without re-injury. RFW numbers were 84.6% for horses with fore-limb ligament injuries and 82.1% for horses with hind-limb injuries. RFW outcomes were slightly better in cases with proximal suspensory ligament desmitis (86.7%) compared to horses with lesions of the body and branches. The ADRC injection procedure was well tolerated; no treatment-related adverse events, including injection flares, were detected in any of the 83 horses. The demonstrated long term stability of healed lesions strongly supports the therapeutic use of regenerative cells extracted from adipose tissue for treatment of acute and chronic, fore-and hind-limb suspensory ligament injuries in horses of various athletic sport disciplines.
Introduction
Inflammation of the suspensory ligament (suspensory desmitis) is a major cause of lameness in equine athletes involved in jumping, hunting, or racing activities. The equine suspensory ligament, along with the superficial and deep digital flexor tendons, functions as a weight-bearing, elastic tissue and plays two major roles: to support the metacarpophalangeal (fore-limb) and metatarsophalangeal (hind-limb) joints, and to store energy for spring-like motion [1] .
The suspensory ligament consists of three segments: the proximal portion (origin), the body, and the branches [2] . Injury to the proximal portion of the suspensory ligament is reportedly more common in athletic horses whereas in racehorses the body or branches are more likely injured [3] . Standardbred and Thoroughbred racehorses with branch desmitis often continue to perform until injury progresses to involve the body of the ligament [4] . Suspensory ligament re-injury is reportedly more common in the hind-limb than that in the fore-limb [5] . Strenuous work beyond the level of fitness of the horse is believed to be the underlying cause of all suspensory ligament injuries.
Accurate diagnosis of suspensory ligament injuries requires diagnostic ultrasonography [6] . An evaluation of the limb should be made in both the longitudinal and transverse planes with comparisons made to the contralateral limb. Imaging controls on the ultrasound machine should be adjusted properly; otherwise, subtle tears in the ligament can be missed. Advanced training in ultrasound techniques and a high-quality ultrasound machine, are necessary to adequately evaluate the entire suspensory apparatus. Muscle and fat within the proximal suspensory ligament can sometimes be confused with injuries to the ligament. Hind-limb proximal suspensory ligaments are more difficult to image than fore-limb suspensory ligaments. Magnetic Resonance Imaging (MRI) is sometimes necessary to thoroughly evaluate the suspensory apparatus, particularly in hind-limb proximal suspensory ligament injuries.
Ligament healing typically involves inflammation followed by the deposition of scar tissue, rather than healing with normal ligamentous tissue. Although the continuity of the tissue may be restored, the affected ligament never regains the elasticity of normal ligament [1] [7] . This, together with the formation of constricting adhesions, predisposes a horse to re-injury and reduces its career longevity.
Stall rest, followed by controlled exercise to provide consistent loading of healing fibers is universally accepted as a necessary part of treatment for most suspensory ligament injuries [4] . For acute suspensory ligament injury, the rest period typically ranges from 30 days to 4 months [5] . Surgicaldesmoplasty with fasciotomy represents a more aggressive, surgical treatment option for suspensory ligament injury, which has been used for several decades to treat horses with refractory suspensory desmitis. Extracorporeal shock wave therapy (ESWT) has recently been added to the repertoire of the equine clinician for horses with suspensory injury that are refractory to conservative rest [4] .
Autologous regenerative therapy is an innovative treatment approach aimed at reducing the risk of scarring, optimizing the strength of damaged ligaments, and allowing equine athletes to return to a high level of performance. Platelet rich plasma (PRP) is one form of autologous regenerative therapy that has been utilized in the treatment of suspensory ligament injuries [8] . The theory behind the treatment is that PRP adds endogenous growth factors directly to the injury site, thereby potentially facilitating healing and earlier return to sport following a musculoskeletal injury [8] [9] .
Mesenchymal stem cells (MSCs) derived from bone marrowor, more recently, from adipose tissue (ASC), represent another form of autologous regenerative therapy that has been utilized in veterinary clinical practice in the treatment of ligament and tendon injuries for at least a decade. ASCs are capable of differentiating into multiple cell lines including bone, cartilage, tendon, and ligament in both in vitro and in vivo models [10] [11] . ASCs can differentiate into tenocytes in vivo, resulting in increased tensile strength of repaired tendons, suggesting a rationale for their clinical use for tendon injuries [12] . To clarify nomenclature, the isolated adipose-derived stem cell is commonly referred to as the ASC, while the regenerative cell mixture derived from collagenase digestion of adipose is more commonly called the stromal vascular fraction or adipose-derived regenerative cells (ADRCs). The treatments provided in this retrospectiuve study were with ADRCs. The clinical potential of ADRC therapy was demonstrated in horses using a collagenase-induced tendonitis model [13] .
Numerous clinical reports of outcomes of the various treatment approaches to suspensory ligament desmitis have appeared in the literature. However, it is difficult to compare results of various treatments because of differing location of injury (origin, body, and/or branch), athletic activity of horses (racing, jumping, dressage, endurance, etc.), fore-limb and/or hind-limb involvement, and criteria for successful outcome (from a single lameness evaluation demonstrating resolution of lameness, to the ability to return to work but with no long-term follow-up).
In our referral equine practice we have been treating suspensory ligament lesions (tears) with ADRCs for a decade. This report is a retrospective analysis of data from 83 horses with 176 tears of the suspensory ligament, treated with ADRCs, given a strictly enforced rehabilitation protocol, and for whom one year post treatment return to full work(RFW) follow up performance data were available.
Materials and Methods

Case Records
All cases were presented to a single referral hospital between the years 2005-2010. Complete medical records, documented rest and rehabilitation schedules, and return to performance data for at least 1 year, were available for these 83 horses. The majority of horses in this study were Western and English performance horses.
Diagnostic Criteria
All horses were clinically lame from their suspensory ligament injuries, and could no longer perform their athletic discipline because of their injuries. A diagnosis of suspensory ligament injury was made only after a thorough clinical lameness examination, diagnostic anesthesia, and ultrasound and/or MRI examination in all horses included in the study. Cases with inflamed, edematous ligaments without demonstrable tears were not included. Cases were categorized as acute or chronic (duration of injury for at least 3 months before treatment). Suspensory ligament tears were classified as fore-limb or hind-limb; origin, body, or branch; and mild, moderate, severe, or last resort. Cross-sectional areas of the ligament tears of the injured ligament segment determined the severity classification: Mild (5% -25% cross-sectional area), Moderate (26% -50% cross-sectional area), Severe (51% -75% cross-sectional area), and Last Resort (76% -99% cross-sectional area).
Treatment
Adipose tissue was surgically resected from the tail head region of each horse via a 2.5 cm incision, using light sedation, and an "inverted L block" regional anesthesia (Figure 1) . The incisions were then closed in 2 layers; 3-0 Vicryl c subcutaneous, and 2-0 Ethilon d intradermal pattern in the skin. The adipose tissue was packaged in sterile containers containing sterile saline, and shipped overnight in a temperature controlled shipping system to a commercial laboratory a . The cells were extracted using a method modified from Zuk using a combination of enzymatic digestion, washing, filtration and centrifugation [10] . After processing, nucleated cells were counted and cell viability was assessed using the ChemotecNucleocounter b , a method that employs propidium iodide to demonstrate viable and non-viable nucleated cells. Samples for sterility evaluation were taken and any cells beyond those needed for the initial treatment were cryogenically preserved in dose aliquots. Forty-eight hours post-collection, fresh chilled cells (2˚C -8˚C) were returned to the veterinary hospital in a temperature controlled shipping system.
The horses were pre-medicated with phenylbutazone 4.4 mg/kg, sterile preps performed at the injection sites, and the suspensory tears were filled with ADRCs in a fan-like distribution throughout the injury site, using 21 or 22 gauge needles and ultrasonographic guidance. The volume of ADRCs injected varied depending on the size of the lesion, with the majority of injuries receiving between 0.6 to 2 mL volumes per injury site. Treatment doses averaged 6.8 million nucleated cells.
Post-Treatment Follow-Up Evaluation, Rehabilitation, and Assessment of Return to Full Work
All horses underwent the same rehabilitation program, beginning with 2.5 -3 months hand walking 20 -30 minutes per day, 4 -5 days per week. Follow-up ultrasound examinations were performed on all injured suspensory ligament segments at approximately 6 and 12 weeks after treatment. When the injured ligament appeared healed on follow-up ultrasonographic examination and the horse was sound when trotted in hand, the horse was allowed to begin a 2-month graduated exercise program under saddle, followed by return to full work and/or competition (RFW). No turnout was authorized until RFW. RFW status was determined by reviewing medical records for soundness, rehabilitation schedules, and owner survey to determine if the animal had remained in full work for a minimum of 1 year without re-injury. In addition, the level at which the horse was competing was categorized as pre-injury level (prior level), lower level, or higher level. Horses were considered a success if they had a RFW at the previous or higher level of performance following treatment of their suspensory ligament tears, and remained at that level of performance for at least 1 year without re-injury. Horses were considered a failure if they had a RFW at a lower level of performance, developed a re-injury of the previously injured suspensory segment, or if their suspensory ligament tears did not heal.
Results
This series of cases consisted of 83 horses ranging in age from 1 to 19 years, engaged in strenuous athletic disciplines ( Table 1) . Quarterhorses and Warmbloods were the dominant breeds followed by Arabians and a few Thoroughbreds. Dressage, reigning/working cowhorse, jumper/eventing, western pleasure show horse, and endurance racing were the most frequent sport disciplines.
Outcomes
There were no adverse effects or local post injection flares in any of the 83 horses in this series. Overall, 84.3% of the horses with suspensory lesions treated with ADRCs responded favorably, defined as return to full work (RFW) for 1 year or more at, or better than, pre-injury performance levels without re-injury. Ultrasonographic evidence of healing in a horse with a "last resort" suspensory injury before, and after ADRC therapy, is illustrated in Figure 2 . Follow-up ranged from 13 to 92 months after RFW in all horses included in this study. Favorable RFW rates were similar in horses of various athletic disciplines ( Table 2) . Four of the horses competing as jumpers had other lameness problems that reduced their RFW performance. All of their suspensory injuries healed completely and did not contribute to the lower level of performance in these horses.
Time from injury to treatment had no apparent effect on the level of performance achieved after treatment with ADRCs. However, horses that had more secondary injuries to other structures in the same or different limbs during their rehabilitation, were more likely to have a negative outcome. Some of the horses with secondary injuries sustained these injuries while acting up during their extended layup periods, which delayed recovery and worsened outcome.
RFW rates were similar (>80%) regardless of whether the suspensory injuries involved fore or hind-limbs, were mild, moderate or severe, acute or chronic ( Table 3) . All 3 horses, with both fore-limb and hind-limb suspensory ligament injuries, returned to former work without re-injury. Success rates were somewhat higher in horses with proximal suspensory lesions (86.7%) than in those with lesions of the body or branches ( Table 3) . Figure 2 . Ultrasonographs of suspensory ligament origin and body "last resort" lesions on day 1 of the injury before treatment (upper panels) and 94 days after treatment with adipose stem cells (lower panels). The suspensory ligament origin and body appeared normal on ultrasonographic examination at 94 days post-treatment.
Only 1 of the 83 horses re-injured when RFW. This horse had had multiple prior treatments, and was more than 20 months from the time of the original injury, when it was treated with ADRCs. It had severe scarring of the suspensory ligament origin and body, with peri-ligamentous adhesions throughout. It is of interest to note the number and location of the suspensory ligament injuries encountered in this population of athletic horses ( Table 4 ). The majority of the lesions were in the origin of the suspensory ligament, although the body and branches also had injuries as illustrated in Figure 3. 
Other Considerations
Twenty-seven of the horses (32%) had medical record evidence of receiving previous failed treatments for their suspensory ligament injuries prior to this author's treatment with ADRCs. Previous treatments included corticosteroids, ESWT, surgery (fasciotomy, retinacular release), PRP, biomatrix, IRAP, and combinations of the aforementioned. In our series of cases, the RFW-Prior or Higher level for these horses that had received prior treatment without healing their suspensory injuries, or with re-injury after treatment, was similar to those with no history of previous treatment. Four horses (4.7%) had concurrent avulsion fractures. Of these, 3 horses returned to RFW-Prior or higher level of performance, and 1 horse RFW-Lower level. Of 10 bilateral fore-limb or bilateral hind-limb cases, 8 RFW-Prior or Higher level, and 2 RFW-Lower level. 
Discussion
This retrospective study focused on results of ADRC treatment in a large series of clinical cases of suspensory injuries at a single equine surgical and diagnostic imaging practice, employing standardized aftercare and a stringent criterion for success: RFW at their prior or higher level of performance for greater than 1 year, without re-injury. One of the purposes of this report is to provide a detailed breakdown of the suspensory lesions and results of ADRC treatment, in order to facilitate comparisons with outcomes of other treatments. RFW numbers presented here (84.6% fore-limb, 82.1% hind-limb) compare favorably to other reported treatments. Had the 4 jumpers not had other lameness issues decreasing their performance level, they would likely have returned to their prior level of performance instead of to a lower level of performance. This falsely lowered our success rate for these horses (see Table 2 ), and our overall success rates. Published results of other treatments varied greatly depending on the ligament section involved (origin, body, or branches), whether the injury involved fore-limbs or hind-limbs, and the activity level of the horses. Success rates reported for other treatments also varied as a function of stringency of the definition of success, ranging from resolution of lameness based on a single evaluation, vs. ability to RFW without any follow-up, vs. return to previous level of work for a period of 1 year or more without re-injury. Rest alone followed by controlled walking and gradual return to exercise is reportedly successful in horses with proximal suspensory desmitis of the fore-limb, but much less successful in hind-limb disease [6] . In our experience, many horses with suspensory injuries can trot off sound after an extended rest period, or RFW briefly, before they become lame again from their suspensory injuries, or reinjure the same suspensory injury. We feel that a true measure of success cannot be determined without long term follow-up data after returning to full work. Surgery (desmoplasty and/or fasciotomy), in athletic horses with chronic, proximal suspensory (origin) desmitis, was reportedly 85% successful, defined as returning to "the level of activity desired by the owner" [2] . Radial extracorporeal shock wave therapy (ESWT), in 30 horses with chronic proximal suspensory desmopathy, resulted in 60% returning to full work within 6 months [14] . In 45 mature competition horses with chronic hind-limb proximal suspensory desmitis, ESWT enabled 41% of the cases to return to their previous occupation 6 months after diagnosis [15] . Long-term follow-up evaluation was not reported in most studies, making it difficult to directly compare our results with those of others.
Autologous regenerative therapies that have been applied to equine suspensory desmitis include platelet rich plasma (PRP), bone marrow aspirates [16] , bone marrow-derived mesenchymal stem cells [17] , and adiposederived stem cells [18] . PRP contains endogenous growth factors that are intended to facilitate healing and earlier return to sport following musculoskeletal injury [8] [9] . In a clinical trial involving 9 yearling standardbred race horses with ultrasound-documented suspensory branch desmitis treated with PRP, all were able to start at least 1 race during their 2 year old year of racing [19] . In 39 racing Thoroughbreds with inflammation of the proximal suspensory branches and sesamoid bones, however, no significant differences in outcome between saline and PRP treatment groups were found for any racing year [20] .
Adipose tissue is an abundant source of adult stem cells. The principal cell type in the stromal vascular fraction (SVF) is the ASC, and although variable, the SVF contains approximately 44% ASCs [21] . There are many similarities between ASCs and MSCs in terms of their growth, morphology, gene expression, and cell surface profiles. ASCs have been shown to possess immunomodulatory properties equivalent to, or greater than those of bone marrow-derived stem cells [22] - [24] . The effect ADRCs have on healing equine tendons and ligaments was demonstrated in a collagenase model of superficial digital flexor tendonitis in horses [13] . Intralesional injection of ADRCs improved the gross and histological morphology of healing tendons and significantly increased cartilage oligomeric matrix protein gene expression compared with controls. In terms of mechanism, ADRCs also contribute to tissue healing indirectly through the production of bioactive proteins including growth factors, chemotactic agents, and anti-apoptotic factors [25] . Acting together, these secreted proteins can stimulate vascular ingrowth as well as recruit additional adult stem cells to further stimulate healing. Blocking apoptosis (programmed cell death) is another possible mechanism, in light of the finding that apoptosis is part of the pathogenesis of equine tendonitis [26] .
A previous retrospective study examined the medical records of cases of suspensory ligament injury in horses following treatment with ADRCs [18] . Acute injuries (n = 6) were a small proportion of the overall injuries, and showed 100% return to full work at the prior level. This was compared to 73.9% of those with chronic injuries, which encompassed 88% of the horses. Horses with chronic injury had been treated with several modalities prior to treatment with regenerative cell therapy. The return to performance numbers supported the therapeutic use of regenerative cells extracted from adipose tissue for treatment of acute and chronic suspensory desmitis, with or without avulsion fractures.
The results presented herein compare favorably with those of other studies. However, this study is the first to have only one clinician perform all of the clinical exams and to follow standardized rehabilitation protocols. This study also involved more suspensory ligament cases and lesions than those in the previous studies. Furthermore, the criterion for a positive outcome was more stringent in this study than that in any of the previous reports (evaluation after 1 year of full work, rather than evaluation one year after treatment). The long term stability of healed lesions, documented by stringent follow-up criteria, strongly supports the therapeutic use of re-generative cells extracted from adipose tissue for treatment of acute and chronic, fore-and hind-limb, origin, body, and branch suspensory ligament injuries.
